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ABSTRACT The membrane barrier of stripped rough microsomes from rat liver is markedly 
altered on incubation with GTP at 37°C: after 30 min the structure-linked latency of mannose- 
6-phosphatase was considerably reduced, and esterase and nucleoside diphosphatase were 
partly.released into the suspension medium. This phenomenon was already maximal with 30 
pM GTP and was specific for this nucleotide. Similar conditions enhance the dolichol-mediated 
glycosylation of protein in microsomes incubated with uridine diphosphate N-acetylglucosa- 
mine and guanosine diphosphate mannose (Godelaine, D., H. Beaufay, M. Wibo, and A. 
Amar-Costesec, 1979, Eur. J. Biochem., 96:17-26; Godelaine, D., H. Beaufay, and M. Wibo, 
1979, Eur. J. Biochem., 96:27-34). The GTP-induced permeability and glycosylation activities 
evolved in parallel in rough microsomes subjected to various treatments to detach the 
ribosomes and were maximal after removal of =60% of the RNA. In addition, GTP had no 
effect of this type in smooth microsome subfractions. Triton X-100, in spite of complex 
inhibitory effects on glycosylation reactions, mimicked the action of GTP by increasing the 
amount of microsomal dolichylphosphate that reacts with uridine diphosphate N-acetylglu- 
cosamine and by enhancing synthesis of dolichylpyrophosphoryl-chitobiose at concentrations 
>2 mg/ml. Thus, GTP may activate dolichol-mediated glycosylation reactions in stripped 
microsomes by lowering the permeability barrier that prevents access of sugar nucleotides to 
the inner aspect of the membrane. The genuine role of GTP in the functioning of the 
endoplasmic reticulum membrane in situ remains unknown. Because GTP seems to act only 
on rough microsomes, we hypothesize that this role is somehow related to biosynthesis of 
protein by the rough endoplasmic reticulum. 

Bound polysomes and the underlying endoplasmic reticulum 
(ER) ~ membrane act as a coordinated system for the synthesis 
of glycoproteins. The nascent peptides are vectorially dis- 
charged within the lumen or inserted into the membrane of 
the ER (for reviews, see 28, 36) and core-glycosylated syn- 
chronously. Protein N-glycosylation involves a number of 

~ Abbreviations used in this paper: DoI-PP-GlcNAc, dolichyipyro- 
phosphoryl-N-acetylglucosamine; DoI-PP-GIcNAc2, dolichylpyro- 
phosphoryl-chitobiose; Dol-PP-oligosaccharides, dolichylpyrophos- 
phate-linked oligosaccharides; ER, endoplasmic reticulum; GDP- 
Man, guanosine diphosphate mannose; GMP-PCP, guanylyl(~,-v- 
methylene)-diphosphonate; UDP-GIcNAc, uridine diphosphate N- 
acetylglucosamine. 

enzymes and lipid intermediates firmly bound to the ER 
membrane (for reviews, see 33, 40). It is coupled to the 
transport of sugar moieties across the membrane, from the 
cytoplasmic compartment where the sugar nucleotide precur- 
sors are synthesized (9), to the luminal compartment of ER 
where the saccharide chains of glycoproteins have been lo- 
cated (20, 23, 26, 35). 

Previous studies from this laboratory have revealed striking 
effects of GTP on protein glycosylation in rough microsomes 
from rat liver (16-18). When rough microsomes are incubated 
with uridine diphosphate N-acetylglucosamine (UDP- 
GIcNAc) and guanosine diphosphate mannose (GDP-Man) 
in the absence of detergent, all reactions but the first (doli- 
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chylphosphate + UDP-GlcNAc --~ dolichylpyrophosphoryl- 
N-acetylglucosamine [DoI-PP-GIcNAc] + UMP) in the se- 
quence of the glycoside derivatives of dolichylpyrophosphate 
are latent. These reactions become activated in the presence 
of GTP if the membranes have been stripped of the bound 
ribosomes before incubation, leading to synthesis of dolichyl- 
pyrophosphate-linked oligosaccharides (Dol-PP-oligosaccha- 
rides) and to glycosylation of proteins. Although synthesis of 
dolichylpyrophosphoryl-chitobiose (DoI-PP-GIcNAc2) is ap- 
parently the earliest effect of GTP (l 6), we recently obtained 
evidence that, as suspected before (l 7), the first reaction must 
also be included in the GTP-induced activities (15). In the 
presence of GTP, stripped rough microsomes completely 
assemble oligosaccharides of the type Man=9GlcNAc2 and 
t ransfe r  these  ol igosacchar ides  to  p ro te in  ( 15, 17, 18). 

The  m e c h a n i s m  responsible  for the  s t imu la t i on  o f  glyco- 
syla t ion activi t ies by  G T P  is still u n k n o w n .  It  m u s t  be  sought  
in the  proper t ies  o f  the  m i c r o s o m a l  m e m b r a n e  r a the r  t h a n  
mere ly  in the  k ine t ics  of  an  e n z y m e  invo lved  in  the  pa thway  
o f  l ipid in te rmedia tes .  Indeed,  we f o u n d  subsequen t ly  t ha t  
G T P  also causes  s t r ipped rough  m i c r o s o m e s  to fuse a n d  to 
fo rm very large m e m b r a n e - b o u n d e d  vesicles (32), a n d  t ha t  
the  expe r imen ta l  cond i t ions  which  lead to m e m b r a n e  fus ion 
a n d  to act ive p ro te in  glycosylat ion in rough  m i c r o s o m e s  are 
identical .  Hence ,  G T P  alters the  b e h a v i o r  o f  p ro te ins  a n d  
lipids wi th in  the  s t r ipped m e m b r a n e s .  This  a l te ra t ion  could  
resul t  in  the  s t imula ted  glycosylat ion activity,  for the  enzymes  
a n d  the  reagents  involved,  except  for  sugar  nuc leo t ide  precur-  
sors, are integral  cons t i tuen t s  o f  the  m e m b r a n e s .  

To  e lucidate  h o w  G T P  e n h a n c e s  glycosylat ion reac t ions  in  
rough  mic rosomes ,  we a t t e m p t e d  to e x a m i n e  the  t r a n s m e m -  
b r a n e  topology o f  the  glycoside groups  o f  the  l ipid a n d  p ro te in  
der ivat ives  formed,  us ing glycosidascs or  o the r  enzymes  as 
pu ta t ive  n o n p e n e t r a t i n g  probes.  A prerequis i te  was t ha t  the  
m e m b r a n e  bar r ie r  be  preserved  af ter  i n c u b a t i o n  wi th  the  sugar  
nuc leo t ide  precursors .  M o n i t o r i n g  in tegr i ty  o f  the  m e m b r a n e  
by  the  la tency o f  m a n n o s e - 6 - p h o s p h a t a s e  (2) a n d  by  the  
b ind ing  o f  esterase a n d  nuc leos ide  d iphospha ta se  to  micro-  
somes  (see reference 4), we f o u n d  t ha t  the  di f fus ion bar r ie r  o f  
the  m e m b r a n e  van ishes  in  s t r ipped rough  m i c r o s o m e s  incu-  
ba ted  wi th  G T P  u n d e r  the  precise cond i t i ons  t ha t  lead to Dol-  
PP-ol igosacchar ide  synthesis  a n d  to t ransfe r  o f  the  synthes ized 
ol igosacchar ides  to  proteins .  This  f ind ing  provides  a reason-  
able exp lana t ion  for the  d e p e n d e n c e  o f  glycosylat ion act ivi ty 
in  rough  m i c r o s o m e s  o n  b o t h  the  r emova l  o f  r ibosomes  a n d  
the  presence  o f  G T P  in the  reac t ion  m e d i u m ,  a n d  opens  a 
new perspect ive  over  the  t r a n s m e m b r a n e  o rgan iza t ion  of  
p ro te in  core-glycosylat ion in the  rough  ER. W e  discuss these  
d e v e l o p m e n t s  in  th is  paper ,  even  t h o u g h  we do  no t  k n o w  yet 
which  func t ion  o f  the  rough  E R  depends  o n  G T P  in the  in tac t  
cell. Some  results  have  a l ready been  repor ted  in abs t rac t  f o rm  
(7, 42). 

MATERIALS A N D  M E T H O D S  

Preparation and Treatment of Microsomal Subfractions: 
We prepared microsomes from female rat liver by differential centrifugation as 
described earlier (1), except that the microsomal pellet was not washed. They 
were brought to density equilibrium in a linear gradient of sucrose under the 
conditions used in previous studies from this laboratory (6). These conditions 
reduce hydrostatic pressure to a minimum (3). In some experiments (see Figs. 
5 and 6) the gradient was divided into several subfractions of different density. 
In the other experiments, a single subfraction which contained the heavy 
material (density >1.2) was recovered. We designated this fraction heavy or 
rough microsomes; it consisted essentially of rough membrane-bounded vesicles 
(18) and was identical to the preparations used in our previous studies on the 

effects of GTP (15-18, 32). 
Before incubation with GTP, we washed the microsome subfractions ob- 

tained from 10 g of liver three times by centrifugation for 30 min at 39,000 
rpm in the No. 40 rotor (Beckman Instruments Inc., Palo Alto, CA) and 
resuspension in a solution of 0.25 M sucrose and 3 mM imidazole adjusted at 
pH 7.4 with HC1. The volume of solution was 50 ml for the washings, and 10 
ml for the final resuspension (=10 rag protein/ml). Alternatively, the sucrose 
solution used in the first two washings was supplemented with 3 mM EDTA. 
These preparations are designated washed (control) and EDTA-treated, respec- 
tively. When heavy microsomes are treated with EDTA, we speak of stripped 
rough microsomes because, on an RNA basis, -~70% of the membrane-bound 
ribosomes are detached from the vesicles by EDTA (see reference 42 and Table 
ll). In some experiments other treatments that strip the rough membranes were 
used. They are described in the experimental protocols (see Tables II and III, 
and Fig. 6). 

Incubation of Microsomal Subfractions with Nucleo- 
tides: Incubation with GTP or with other nucleotides was carried out at 
37"C, in a medium that contained 40 mM Tris-HCl buffer, pH 7.4, 30 mM 
KCI, 7.5 mM MgCI2, 2.5 mM MnCI2, 2,5 mM dithiothreitol, 1 mM ATP, 10 
mM phosphoenolpyruvate and 50 ~g pyruvate kinase (200 U/rag) per milliliter 
(medium A). The concentration of other constituents present is given in the 
experimental protocols. After incubation, the mixture was immediately assayed 
for free and total activity of mannose-6-phosphatase, or ice-cooled and centri- 
fuged for 30 rain at 29,000 rpm in the No. 30 Beckman rotor equipped with 
minitubes (5 x 42 ram). Esterase or nueleoside diphosphatase was then assayed 
in the supernate (soluble activity) and in the pellet after resuspension in 0.25 
M sucrose buffered at pH 7.4 by 3 mM imidazole-HCl (bound activity). 

To incorporate N-acetylglucosamine and mannose into endogenous lipid 
and protein, microsome subfractions were incubated at 37"C in medium A 
supplemented with s(C-labeled sugar nucleotide precursors at the concentra- 
tions given in the legends of tables and figures. Reactions were ended by 
addition of 10 vol of 10% ice-cold trichloroacetic acid (TCA), or of 10 vol of 
chloroform/methanol (3/2; vol/vol) and 1.6 vol of 4 mM MgClz. 

Biochemical Determinations: Mannose-6-phosphatase activity 
was assayed by incubation at 30°C in 0.55 ml of medium at pH 6.5, which 
contained 0.25 M sucrose, 20 mM mannose-6-phosphate, 2.5 mM EDTA, and 
20 mM histidine. Blanks were run in the absence of mannose-6-phosphate. 
After 10 min, proteins were precipitated by addition of 2 ml of 10% ice-cold 
TCA, and phosphate was determined by the method of Fiske and Subbarow 
(13). The result is referred to as free or total activity, depending on whether the 
microsome subfraction (0.1 ml) was diluted by addition of 0.5 vol of 0.25 M 
sucrose, or Triton X-100 (2 mg/ml in 0.25 M sucrose), immediately before the 
enzyme reaction. 

Labeled sugars incorporated into lipid and protein derivatives were deter- 
mined according to the analytical methods used previously 06-18). Radioac- 
tivity was counted by liquid scintillation in (a) the TCA-insoluble material after 
mild acid hydrolysis, which gives incorporation into glycosylated protein, (b) 
the material released by mild acid hydrolysis from washed TCA precipitates, 
which gives incorporation into glycosylated derivatives of dolichylpyrophos- 
phate, and (c) the radioactive spots revealed by autoradiography after thin-layer 
chromatography of the chloroform/methanol extract, which give the amounts 
of label in DoI-PP-GIcNAc and DoI-PP-GIcNAc2. 

Protein (29), RNA (14), phospholipid, esterase, nucleoside diphosphatase, 
NADH cytochrome c reductase, giucose-6-phosphatase, 5'-nucleotidase (5), 
protein-N-acetylglucosaminyltransferase (43), and N-acetylglucosamine- 
phosphotransferase (34) were assayed according to the methods described in 
the quoted articles. All enzyme activities are expressed in standard units, i.e. 
micromoles of substrate transformed per minute. 

Materials: Mannose-6-phosphate (grade l), Triton X-100, bovine a- 
lactalbumin, puromycin, and ethyleneglycol-bis-(~-aminoethyl ether)N,N'- 
tetmacetate (EGTA) were obtained from the Sigma Chemical Co. (St. Louis, 
MO). UDP-[~4C]GIcNAc (300 Ci/mol) and GDP-[~(C]Man (200 Ci/mol) were 
obtained from the Radiochemical Centre (Amersham, UK). EDTA was pur- 
chased from E. Merck A.G. (Darmstadt, Federal Republic of Germany 
[FRG]), and tunicamycin from Calbiochem-Behring Co. (La Jolla, CA). dGTP 
and guanylyl(fl,~,-methylene)-diphosphonate (GMP-PCP) were obtained from 
Boehringer Mannheim GmbH (Mannheim, FRG). Other reagents were those 
used previously (5, 18). 

RESULTS 

Structure-linked Latency of Mannose-6- 
Phosphatase 

The latency of glucose-6-phosphatase assayed with man- 
nose-6-phosphate, a substrate that is not transported by the 
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glucose-6-phosphate carrier, is an index of the permeability 
barrier of microsomal membranes derived from the ER (2). 
In Fig. 1, we show the changes in free and total activity of 
mannose-6-phosphatase which occurred upon incubation of 
rough microsomes at 37"C under various conditions. 

Before incubation =90% of the enzyme activity was latent, 
indicating a low permeability to mannose-6-phosphate in both 
the rough and the stripped membranes. GTP had no percep- 
tible effect on the free and total activities. After incubation 
for 120 min, a slight loss (=25 %) of total activity was apparent 
under all the conditions used, and the free activity was only 
moderately enhanced in control rough microsomes incubated 
with or without GTP, and in stripped rough microsomes 
incubated in the absence of GTP. The latency levels still 
ranged between 75 and 80%. 

Stripped rough microsomes incubated with GTP behaved 
quite differently. After 30-min incubation, the free activity 
almost accounted for the total activity, the latency being 
reduced to only 14%. This value is confirmed by the results 
at 120 min, and suggests a considerable increase of the mem- 
brane permeability to mannose-6-phosphate. 

The disappearance of the structure-linked latency of man- 
nose-6-phosphatase in stripped rough microsomes incubated 
with GTP is time- and temperature-dependent. In the exper- 
iment reported in Fig. 2, stripped rough microsomes were 
incubated for 120 min at various temperatures, or for various 
times at 37"C. A significant decrease of the latency occurred 
at 15"C, or above, in the presence of GTP. The phenomenon 
was maximum after =30 min at 37"C. 

The sensitivity of stripped rough microsomes to GTP is 
high. Indeed, when the concentration of this nucleotide was 
varied the maximum free activity of mannose-6-phosphatase 
was reached with =30 #M GTP, and the half-maximum effect 
was produced by =10 #M GTP (Fig. 3). In previous studies 
we have shown that 50 #M GTP is sufficient for maximum 
stimulation of Dol-PP-oligosaccharide synthesis (18). 

Release of Nucleoside Diphosphatase and 
Esterase by GTP 

The easy permeation of mannose-6-phosphate into stripped 
rough microsomes after incubation with GTP may reflect a 
gross alteration of the membrane barrier, or a more selective 

Control 

(a) Cb] 

Stripped 

Ca] [b) 
4 

Min at 37°C: 0 120 0 120 0 120 0 30120 

FIGURE 1 Increase of the free mannose-6-phosphatase activity in 
stripped rough microsomes incubated with GTP. Control rough 
microsomes and stripped rough microsomes obtained from the 
same preparation were incubated in medium A (see Materials and 
Methods) for various times given under each graph. The incubation 
medium contained the microsomes derived from 0.4 g liver/ml and 
was supplemented with 0.25 M sucrose (a), or with 0.25 M sucrose 
and 0.5 mM GTP (b). The total and free activities of mannose-6- 
phosphatase were determined afterwards. The free activities are 
shown by the hatched sections of bars; the upper open sections 
give the latent activities (excess of total over free activities). 
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T ime course and temperature dependence of  the in- 

crease in free mannose-6-phosphatase activity. Stripped rough mi- 
crosomes were incubated in medium A (see Materials and Methods) 
supplemented with 0.25 M sucrose (O), or 0.25 M sucrose and 0.5 
mM GTP (O). The incubation medium contained the microsomes 
derived from 0.4 g liver/ml. Free and total activities of mannose-6- 
phosphatase were assayed after incubation for 120 min at various 
temperatures (solid lines), or for various times at 37"C (dashed line). 
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FIGURE 3 Dependence of the increase in free mannose-6-phos- 
phatase activity on concentration of GTP. Stripped rough micro- 
somes were incubated in medium A (see Materials and Methods) 
supplemented with 0.25 M sucrose and GTP at various concentra- 
tions. The incubation medium contained the microsomes derived 
from 0.4 g liver/ml. After 30 min, free and total activities of man- 
nose-6-phosphatase were assayed. 

modification allowing the intake of a restricted number of 
metabolites. To better characterize the membrane effects of 
GTP, we examined the centrifugation behavior of nucleoside 
diphosphatase and esterase in rough microsomes incubated 
under the various conditions used in Fig. 1. These enzymes 
are located in the lumen, or weakly bound to the luminal 
surface of the ER (for a review, see 4), and thus sediment with 
microsomes unless the membrane be markedly altered. 

Esterase and nucleoside diphosphatase were released in the 
medium concomitant with the disappearance of the latency 
of mannose-6-phosphatase (Fig. 4). Indeed, whereas these 
enzymes were largely recovered in the sediment after incu- 
bation of control rough microsomes with or without GTP, 
and of stripped rough microsomes without GTP, a significant 
fraction was found in the supernatant fluid when the stripped 
preparation was incubated for 30 or 120 min in the presence 
of 0.5 mM GTP. For esterase the total activity was constant, 
and ~50% of this enzyme was soluble in GTP-treated 
stripped preparations. For nucleoside diphosphatase the final 
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FIGURE 4 Release of esterase and nucleoside diphosphatase upon 
incubation with GTP. Control rough microsomes and stripped rough 
microsomes obtained from the same preparation were incubated 
as described in Fig. 1 wi thout GTP (a), or in the presence of  0.5 
mM GTP (b), and centrifuged after the times given under each 
graph (see Materials and Methods). Esterase and nucleoside di- 
phosphatase were assayed in the resulting pellets (open sections of  
the bars) and supernates (closed sections of  the bars). 

level of soluble activity was 85% but the total activity was 
increased 2.0- to 2.6-fold. Activation of nucleoside diphos- 
phatase following solubilization and removal of  the mem- 
branes is in keeping with the presence of  an inhibitor of the 
enzyme in the membranes previously reported by others (27). 
In spite of  this interference, it is seen that the activity re- 
covered in the sediment is reduced to =40% of the original 
value in the stripped preparation incubated for 30 min with 
GTP. 

Effect of Other Nucleotides 
GTP is the only nucleotide known to cause fusion of 

stripped rough vesicles (32) and to allow them to core-glyco- 
sylate proteins through the pathway of lipid intermediates 
(17). Therefore, we compared the effect of  a number of 
nucleotides on the latency of mannose-6-phosphatase and on 
the association of esterase with microsomal vesicles (Table I). 

It is implicit in the results presented so far (Figs. 1-4) that 
GTP cannot be substituted by ATP, which was regularly 
present in the reaction medium at 1 mM concentration (see 
Materials and Methods). It cannot be substituted either by 
other major nucleoside triphosphates, including dGTP, or by 
the nonhydrolyzable analogue GMP-PCP (Table I). The spec- 
ificity with respect to GTP is particularly apparent, as the 
other nucleotides did not act at a concentration =20-fold that 
at which GTP gives a maximal effect (Fig. 3). 

Dependence of G-I-P-induced Alteration of the 
Membrane Barrier and of the Glycosylation 
Activity on the Removal of Ribosomes 

The effect of  OTP on the latency of mannose-6-phosphatase 
has been investigated using rough microsomes previously 
treated with various reagents in order to know whether the 
sensitivity of  the membrane to GTP results from the removal 

of  ribosomes, or from another effect of  EDTA. In the exper- 
iment shown in Table II, ribosomes were detached from heavy 
microsomes by treatment with EDTA, sodium pyrophos- 
phate, KC1, or puromycin in the presence of KC1 and MgC12. 
The extent of ribosome removal is estimated by the decrease 
of the RNA content. On subsequent incubation the free 
activity of  mannose-6-phosphatase increased when GTP was 
added to the medium. Both the release of  RNA and the GTP- 
induced alteration of the membranes occurred, but were less 
after treatment with puromycin. In contrast, GTP had no 
effect on heavy microsomes treated with KC1 and MgCI2, 
which still bore 76% of the RNA present in the control. We 
reported earlier (32) that GTP induced fusion of vesicles, 
synthesis of  Dol-PP-oligosaccharides and protein glycosyla- 
tion after treatment of heavy microsomes under the precise 
conditions shown here to increase the free activity of  man- 

TABLE I 

Effect of Various Nucleotides on the Levels of Free Mannose-6- 
Phosphatase and Soluble Esterase 

Free mannose-6- 
Nucleot ide added phosphatase Soluble esterase 

(0.5 mM) (% of total activity) 

- -  23  2 
GTP 74 32 
UTP 25 2 
ITP 31 2 
CTP 21 2 
GMP-PCP 29 1 
dGTP 30 2 

Stripped rough microsomes (0.4 g liver/ml) were incubated in Medium A, 
which included 1 mM ATP (see Materials and Methods) and was supple- 
mented with various nucleotides as indicated. After 45 min, the preparations 
were assayed for free and total activity of mannose-6-phosphatase, while a 
portion was centrifuged to determine the fraction of esterase in soluble form. 
Total activities were 1.64 + 0.09 and 30.9 + 2.2 U/g liver (means ± SD) for 
mannose-6-phosphatase and esterase, respectively. 

TABLE II 

Effect of GTP on the Latency of Mannose-6-Phosphatase in 
Rough Microsomes Subjected Previously to Various Treatments 

Free mannose-6- 
phosphatase 

Treatment of  heavy 
microsomes RNA a b 

(% of control) (% of total activity) 

Control 100 22.5 25.3 
EDTA 32 24.5 91.0 
PPi 35 20.7 68 
KCI 18 24.5 80.7 
KCI + MgCIz 76 25.5 22.5 
Puromycin 58 26.1 42.0 

Heavy microsomes have been washed with sucrose (Control) or treated with 
EDTA as described under Materials and Methods. Other portions of the 
heavy microsome subfraction have been similarly treated twice with sucrose 
solutions which contained 5 mM sodium pyrophosphate pH 7.4 (PPi), or 0.75 
M KCl, or 0.75 M KCl and 5 mM MgCl2. Another portion (Puromycin) was 
treated with a sucrose solution that contained 0.75 M KCI, 5 mM MgCl2, and 
1 mM puromycin, kept at 0°C for 30 min before centrifugation, and washed 
in the KCI + MgCl2 medium. All preparations were finally washed and 
resuspended in 0.25 M sucrose as in the usual protocol. RNA amounted to 
1.8 mg/g liver in the control, and was reduced after the various treatments 
as indicated by the percent values. The preparations were incubated for 45 
rain in medium A which contained the material derived from 0.4 g liver/ml 
and was supplemented with 0.25 M sucrose (a) or 0.25 M sucrose and 0.5 
mM GTP (b). The incubated preparations were then assayed for free and 
total activity of mannose-6-phosphatase. Total activities were not changed 
by the treatments or the presence of GTP, and amounted to 2.17 ± 0.08 U/ 
g liver (mean + SD). 
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TABLE III 

Effect of GTP on the Latency of Mannose-6-Phosphatase and the Incorporation of N-Acetylglucosamine into Lipid and Protein by Rough 
Microsomes Treated with Chelating Agents at Various Concentrations 

Incorporation of N-acetylglucosamine 
Treatment of heavy micro- Free activity of man- 

somes RNA nose-6-phosphatase DoI-PP-GIcNAc DoI-PP-GIcNAc2 Protein 
(% of control) (% of total activity) (pmol sugar/mg phospholipid) 

(a) Undiscriminated -- (24.1 _+ 2.0) (138 _ 13) (29.7 _+ 1.5) (5.7 + 0.7) 
(b) Control 100 24 146 77 7 

0.25 mM EDTA 81 35 171 122 13 
0.50 mM EDTA 62 50 147 244 33 
1 mM EDTA 40 88 71 549 151 
5 mM EDTA 33 96 58 497 158 

10 mM EGTA 86 26 133 108 11 
50 mM EGTA 41 97 54 514 114 

Heavy microsomes have been prepared and treated as described in the Materials and Methods section, except that EDTA was used at several concentrations, 
or substituted by EGTA. RNA amounted to 1.87 mg/g liver in the control and was lowered by the chelating agents as shown by the percent values. The 
preparations were incubated for 60 min in medium A which contained the material derived from 0.4 g liver/ml and was supplemented with 0.25 M sucrose 
(a), or 0.25 M sucrose and 0.5 mM GTP (b). Free and total activities of mannose-6-phosphatase were determined afterwards. Total activities were independent 
of the conditions used and amounted to 3.23 + 0.16 U/g liver (mean + SD). The preparations were also incubated as described above in the presence of 6 
#M UDP-[14C]GIcNAc, to establish the incorporation of N-acetylglucosamine into DoI-PP-GIcNAc, DoI-PP-GIcNAcz, and protein. In the absence of GTP free 
activities of mannose-6-phosphatase and N-acetylglucosamine incorporation into lipid and protein did not show any significant variation after the treatment; 
they are undiscriminatingly given within brackets as means _+ SD. The other values of mannose-6-phosphatase activity and sugar incorporation were obtained 
in the presence of GTP. 

nose-6-phosphatase. Clearly, the three effects of GTP, includ- 
ing the change in permeability, are similarly conditioned by 
the removal of ribosomes. 

The relationship between the removal of ribosomes and the 
sensitivity of rough membranes to GTP has been further 
investigated on preparations stripped gradually by treatment 
with EDTA or EGTA at various concentrations (Table III). 
The RNA content of washed rough microsomes (control) is 
~80% of the original content in the unwashed heavy micro- 
somes (18). The maximal effect of GTP on latency of man- 
nose-6-phosphatase, synthesis of DoI-PP-GIcNAc2 and pro- 
tein glycosylation requires a drop of the RNA load to 40% of 
the control (1 mM EDTA, 50 mM EGTA). A significant 
change in latency of mannose-6-phosphatase and in synthesis 
of DoI-PP-GIcNAc2 in the presence of GTP starts at =80% of 
the RNA load in the control (=65% of the load in unwashed 
heavy microsomes). 
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Because rough microsomes become permeable on incuba- 
tion with GTP only after release of RNA, it was of interest to 
know whether smooth microsomes are sensitive to GTP with- 
out any treatment, become sensitive after treatment with 
EDTA, or remain insensitive even after this treatment. To 
discriminate between these possibilities the response of the 
ER membranes to GTP in various microsome subfractions 
has been compared (Fig. 5). These subfmctions were prepared 
by density equilibrium centrifugation in a sucrose gradient; 
they differed from one another by the average ribosome load 
of the vesicles as illustrated by the distributions of RNA and 
glucose-6-phosphatase. All subfractions were treated with 
EDTA before they were challenged by incubation with GTP. 

Fig. 5 shows the distribution of free and total mannose-6- 
phosphatase, and of soluble and bound esterase, determined 
after challenging. As expected, total mannose-6-phosphatase 
and esterase were distributed the same as glucose-6-phospha- 
tase. In contrast, the distribution of the free mannose-6- 
phosphatase activity was rather similar to that of RNA. The 
latency of the enzyme was high (=92%) in the two light 
subfractions, undetectable in the two dense subfractions, and 

0 50 100 0 50 100 

Percentage of total protein recovered 
FIGURE 5 Effect of GTP on the latency of mannose-6-phosphatase 
and on the release of esterase in microsomal subfractions of differ- 
ent density. Microsomes were divided into five subfractions of 
different density by equil ibrium centrifugation in a linear gradient 
of sucrose. A portion of each subfraction was saved for determi- 
nation of protein, RNA, and glucose-6-phosphatase activity. The 
remainder was treated with EDTA, incubated for 45 min in medium 
A (see Materials and Methods), supplemented with 0.25 M sucrose 
and 0.5 mM GTP, and finally assayed for free and total activity of 
mannose-6-phosphatase and for soluble and bound activity of 
esterase. Fractions are plotted from left to right in the order of 
increasing density. Average density values are indicated on the plot 
of glucose-6-phosphatase. Distributions give the specific activities 
of enzymes and the specific content in RNA, versus the content in 
protein accumulated from the top to the bottom of the gradient 
(100% = 42 mg protein/g liver). A shaded profile corresponding to 
free mannose-6-phosphatase, or soluble esterase, is superimposed 
on the distribution of the total activities. 

57% in the intermediate subfraction. Esterase became mark- 
edly released only in the densest subfraction. 

Activation of the lipid-linked glycosylation pathway by 
GTP after previous treatment with EDTA or pyrophosphate 
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was also restricted to rough microsomes. This characteristic 
is illustrated by the results presented in Fig. 6. Microsome 
subfractions of different equilibrium density were assayed for 
the ER constituents RNA and glucose-6-phosphatase, and for 
protein-N-acetylglucosaminyltransferase and 5'-nucleotidase 
which are markers of Golgi and plasma membrane elements, 
respectively (43). All subfractions were either washed with 
sucrose, or treated with sodium pyrophosphate under condi- 
tions that detach the ribosomes from the rough membranes, 
and then incubated with labeled UDP-GIcNAc in the presence 
of GTP to establish the incorporation of N-acetylglucosamine 
into the endogenous lipid and protein. The treatment with 
pyrophosphate altered the glycosylation patterns in the rough 
microsome subfractions exclusively. The synthesis of DoI-PP- 
GIcNAc2 is seen only in dense subfractions treated with 
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F=GUa[ 6 Effect of pyrophosphate treatment on glycosylation ac- 
t ivi ty in microsomal subfractions of different density. Microsomes 
were divided into seven subfractions of different density as in the 
exper iment of Fig. 5. The distributions of protein-N-acetylglucosa- 
minyltransferase, 5'-nucleotidase, glucose-6-phosphatase, and 
RNA are presented on the left side in percentage values relative to 
the total microsomes. Average densities of fractions are given under 
the upper histograms. Each subfraction was divided into two por- 
tions, one washed with sucrose (contro/), the other treated with 
pyrophosphate (PP~), exactly as described in Table I1. The contro/ 
and PPi portions derived from 0.04-0.1 g liver (=0.15 mg phospho- 
lipid) were incubated for 60 min in 0.4 ml medium A (see Materials 
and Methods), supplemented with 0.125 M sucrose, 0.5 mM GTP, 
and 3.2 #M UDP-[~4C]GIcNAc. Amounts of the labeled precursor 
incorporated into DoI-PP-GIcNAc, DoI-PP-GIcNAc2, and protein 
are shown on the right side in absolute values. Incorporation 
patterns obtained in the control (shaded) and in the PP~ portions are 
superimposed. 

pyrophosphate. Labeled N-acetylglucosamine was incorpo- 
rated into protein in smooth and in rough microsomes. How- 
ever, protein glycosylation in smooth microsomes was not 
influenced by the preliminary treatment with pyrophosphate, 
contrary to protein glycosylation in rough microsomes. The 
distribution pattern of glycosylated protein in the subfractions 
washed with sucrose is similar to that of protein-N-acetylglu- 
cosaminyltransferase and largely reflects the transfer of pe- 
ripheral N-acetylglucosamine residues to preexisting glycopro- 
reins in microsomes derived from the Golgi complex. In 
contrast, incorporation of labeled N-acetylglucosamine into 
protein in the dense subfractions consists of lipid-mediated 
core glycosylation of protein, as demonstrated elsewhere (15). 
In other experiments the subfractions were treated with py- 
rophosphate, or EDTA, and incubated with the labeled sugar 
nucleotide precursor in the absence of GTP. The glycosylation 
patterns were similar to those presented as hatched histograms 
in Fig. 6 (results not shown). 

In conclusion, both permeability of the vesicular mem- 
branes and protein glycosylation via the pathway of lipid 
intermediates are inducible by GTP only in the rough micro- 
somes. We ruled out a number of trivial explanations of this 
specific character of rough microsomes in experiments de- 
signed to verify that sugar nucleotide precursors and GTP do 
not rapidly disappear from the reaction medium in low den- 
sity subfractions. The absence of DoI-PP-GlcNAc2 synthesis 
and lipid-mediated glycosylation of protein in smooth micro- 
somal membranes could result from the lack of some en- 
zymes, particularly of the glycosyltransferase converting Dol- 
PP-GIcNAc into Dol-PP-GIcNAc2. Although we cannot rule 
out this possibility, we must in any way conclude that GTP 
specifically acts on the rough membranes because its effects 
on the permeability are confined to the rough microsome 
fractions. Our conclusion is strengthened by the dependence 
of this action on the detachment of ribosomes. 

Latency of DoI-PP-GIcNAc and DoI-PP-GIcNAc2 
Synthesis in Rough Microsomes 

The close correlation between the glycosylation activity and 
the membrane permeability induced by GTP in stripped 
rough microsomes suggests that the membrane barrier might 
be responsible for the low glycosylation activity in sealed 
vesicles. In consideration of this possibility the influence of 
various detergents on the glycosylation reactions involving 
the microsomal dolichylphosphate has been examined. 

Influence of Triton X- 100 on the level of microsome-bound 
esterase and on the incorporation of labeled N-acetylglucosa- 
mine into glycoside derivatives of dolichylpyrophosphate is 
shown in Fig. 7. The plot of soluble esterase versus the 
concentration of Triton X-100 is roughly sigmoidal and shows 
that the bulk of the enzyme (=80%) is released in the presence 
of 0.1% detergent in the medium used. In the absence of 
Triton X-100, a significant amount of Dol-PP-GIcNAc was 
formed, whereas the level of DoI-PP-GIcNAc2 was much 
lower. Raising the concentration of Triton X-100 progres- 
sively inhibited synthesis of DoI-PP-GIcNAc and of DoI-PP- 
GlcNAc2 till the concentration of 0.1%. This inhibition phase 
was followed by a steep rise in the level of DoI-PP-GlcNAc2, 
which became maximal at 0.2-0.3% Triton X-100. The 
amount of DoI-PP-GIcNAc also rose within this concentra- 
tion range, without reaching the original level, most likely 
because it was converted into DoI-PP-GlcNAc2. In our mem- 
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FIGURE 7 Effect of Triton X-100 on the binding of esterase and the 
synthesis of DoI-PP-GIcNAc2 from endogenous dolichylphosphate. 
Stripped rough microsomes were incubated in medium A (see 
Materials and Methods), which contained the material derived from 
0.4 g liver (=0.92 mg phospholipid/ml) and was supplemented with 
0.25 M sucrose and Triton X-100 at the concentrations given in 
abscissa. After 60 min, they were centrifuged to determine the 
distribution of esterase (O) between the pellets and supernates. 
Another preparation was incubated under identical conditions, 
except that the medium contained 3.3/~M UDP-[t4C]GIcNAc. After 
60 min lipids were extracted in chloroform/methanol and separated 
by thin-layer chromatography to determine incorporation of labeled 
N-acetylglucosamine into DoI-PP-GIcNAc (@---@) and DoI-PP- 
GIcNAc2 (O~--O). 

brane preparations the diglycoside derivative is not formed 
from preexistent DoI-PP-GlcNAc, but by sequential transfer 
of N-acetylglucosamine-l-phosphate and N-acetylglucosa- 
mine from labeled UDP-GIcNAc to dolichylphosphate (15). 
From the data of Fig. 7, it can be computed that the total 
amount of dolichol involved in labeled DoI-PP-GIcNAc and 
DoI-PP-GIcNAc2 was 50% greater in the presence of 0.2% 
Triton X-100 than without detergent (90 and 60 pmol/g liver, 
respectively). Thus, in sealed vesicles only a part of dolichyl- 
phosphate reacts with UDP-GlcNAc. 

A similar experiment was carried out in the presence of 
GDP-Man, with and without GTP (Fig. 8). The GTP-induced 
N-acetylglucosamine incorporation into glycoside derivatives 
of dolichylpyrophosphate was also markedly inhibited (up to 
90%) in the 0-0.1% range of Triton X-100 concentration. At 
0.2% the amount of label incorporated was nearly identical 
to that found in the presence of GTP without Triton X-100, 
but did not depend on GTP anymore. Analysis of lipids by 
thin-layer chromatography showed a wide spectrum of labeled 
glycoside derivatives after incubation with GTP in the absence 
of Triton X-100, whereas only mono-, di-, and trisaccharide 
derivatives were revealed after incubation in the presence of 
0.2% Triton X-100 (not shown). 

The latency of the reaction converting DoI-PP-GlcNAc into 
Dol-PP-GlcNAc2 is also apparent in the experiment reported 
in Fig. 9. The monoglycoside derivative was formed during a 
first incubation with UDP-[14C]GIcNAc in the absence of 
Triton X-100. Afterwards tunicamycin was added to inhibit 
any new synthesis of DoI-PP-GIcNAc and the reaction was 
continued in the presence of various concentrations of Triton 
X-100. The monoglycoside derivative was almost quantita- 
tively transformed into the diglycoside in the presence of 0.2% 
or more Triton X-100. 

Thus, regarding the synthesis of Dol-PP-GIcNAc and Dol- 
PP-GIcNAc2, 0.2% Triton X-100 and GTP have strikingly 
similar effects. However, under our experimental conditions 
the detergent cannot lead to synthesis of Dol-PP-oligosaccha- 
rides (see above) and to lipid-mediated glycosylation of pro- 
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tein (Table IV). The statistics relative to sugar incorporation 
in the absence of GTP (Table IV, a) derive from results 
obtained at the various concentrations of the detergent and 
demonstrate that it was without noticeable effect on protein 
glycosylation. As expected (17, 18), incorporation of N-ace- 
tylglucosamine and mannose into protein was enhanced by 
GTP (compare in Table IV values a with values b without 
Triton X-100). The detergent strongly inhibited the GTP- 
induced glycosylation of protein even at 0.025 %, a concentra- 
tion still below that needed for release of esterase (Fig. 7). 

Other detergents, including sodium deoxycholate, digi- 
tonin, Emulgen 913, lysophosphatidylcholine, and octylglu- 
coside, were used in experiments similar to that shown in Fig. 
7. In general, they inhibited DoI-PP-GlcNAc synthesis as does 
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FIGURE 8 Inhibition by Triton X-100 of the GTP-induced synthesis 
of glycosylated derivatives of dolichylpyrophosphate. Stripped 
rough microsomes (0.4 g liver/ml) were incubated for 60 min in 
medium A (see Materials and Methods) with 3.3 tzM UDP-[14C]- 
GIcNAc plus 5.8 #M GDP-Man, without GTP (O) or in the presence 
of 0.5 mM GTP (Q). The medium also contained 0.1 M sucrose and 
various amounts of Triton X-100. Label incorporation into dolichyl- 
pyrophosphate derivatives was measured on the material released 
from TCA precipitates by mild acid hydrolysis. Identical results were 
obtained when glycosylated lipids were extracted in chloroform/ 
methanol/water (10/10/3, vol/vol/vol). 
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FIGURE 9 Effect of Triton X-100 on the transformation of DoI-PP- 
GIcNAc into DoI-PP-GIcNAc2. Stripped rough microsomes were 
incubated in medium A (see Materials and Methods) which con- 
tained the material derived from 0.4 g liver/ml and was supple- 
mented with 0.25 M sucrose and 6 #M UDP-[t4C]GIcNAc. After 30 
min, 2.5 ~,g/ml tunicamycin was added and incubation was contin- 
ued for 10 min. Triton X-100 was then added to reach the concen- 
tration given in abscissa and the incubation was continued for 60 
min. Lipids were then extracted in chloroform/methanol and sep- 
arated by thin-layer chromatography to determine the amounts of 
labeled N-acetylglucosamine in DoI-PP-GIcNAc (O) and DoI-PP- 
GIcNAc2 (Q). 



Triton X-100 in the 0-0.1% range, and never led to high 
levels of DoI-PP-GIcNAc2. 

Bulk Biochemical Properties of Stripped Rough 
ER Membranes Incubated with GTP 

Attempts to identify a biochemical modification underlying 
the GTP-induced permeability of stripped rough microsomes 
have been unsuccessful so far. Stripped rough microsomes 
incubated with or without GTP gave identical peptide patterns 
after SDS-PAGE and identical lipid patterns after thin-layer 
chromatography of chloroform/methanol extracts. 

In fact, incubation with GTP appears to be a most gentle 
means to increase the permeability of membranes derived 
from the rough ER. This is illustrated by the data reported in 
Table V. GTP renders stripped rough microsomal membranes 
permeable without recognizable change in their biochemical 
features, in contrast to Triton X- 100, which at the concentra- 
tion required for synthesis of DoI-PP-GIcNAc2 removes part 
of the phospholipid and of the integral membrane proteins 
(e.g., N-acetylglucosaminephosphotransferase, and NADH 
cytochrome c reductase). 

TABLE IV 

Inhibition of the GTP-induced Glycosylation of Protein by 
Triton X- 100 

(a) 
(b) 

Labeled sugar incorpora ted  

N-Acety lg lucosa-  
Tr i ton X-100 mine Mannose  

(mg/ml) (pmol sugar/rag phospholipid) 

Undiscr iminated (4.4 __- 1.7) (94 + 12) 
0 683 2,490 
0.1 552 1,880 
0.25 179 514 
0.50 27 151 
1.0 2 84 
2 2 66 
5 2 64 

Stripped rough microsomes (0.4 g liver/ml) were incubated for 60 min in 
medium A (see Materials and Methods) with 3.3 #M UDP-[14C]GIcNAc plus 
6.4 /~M GDP-Man, or 3.5 /~M UDP-GIcNAc plus 6.4 ttM GDP-[14C]Man, 
without GTP (a) or in the presence of 0.5 mM GTP (b). The medium 
contained, in addition, 0.1 M sucrose, 2.4 mg/ml bovine a-lactalbumin, and 
various amounts of Triton X-100. Label incorporation into protein was meas- 
ured on the residues after extraction with chloroform/methanol (3/2, vol/  
vol) and chloroform/methanol/water (10/10/3, vol/vol/vol). In the absence 
of GTP incorporation of N-acetylglucosamine and mannose did not signifi- 
cantly vary according to the concentration of detergent; the values are 
undiscriminatingly given within brackets as means -+ SD. The other incorpo- 
ration values were obtained in the presence of GTP at the specified concen- 
trations of Triton X-100. 

DISCUSSION 

Our findings provide additional information on the changes 
which take place in stripped membranes of the rough micro- 
somes on incubation with GTP. The increased activity of the 
dolichol-dependent protein glycosylation originally discov- 
ered (16-18), the membrane fusion phenomenon leading to 
very large membrane-bounded vesicles observed later (32), 
and the greater permeability of the vesicular membranes 
reported here are three closely related events. All of them 
depend on GTP in a specific manner (Table I) conditioned 
by the removal of ribosomes before incubation with this 
nucleotide (Tables II and III) and are induced only in rough 
microsomes (Figs. 5 and 6) (this has not been shown for 
fusion). They probably derive from a single primary action of 
GTP. The first question is to examine which relationships 
exist between the various resulting events. 

Considering first the possible link of permeability with 
fusion, it is conceivable that leakiness be a transient property, 
coinciding with the fusion of vesicles. This would imply a 
molecular mechanism that does not keep the coalescing mem- 
branes tight throughout the fusion process. Although mem- 
brane fusion is currently thought to occur without leakage of 
the vesicular content, a transient permeability might reason- 
ably explain how esterase and nucleoside diphosphatase partly 
escape from the vesicles. However, this explanation does not 
hold for the high level of free mannose-6-phosphatase activity 
revealed in our experiments. Indeed, most fusion events occur 
during the incubation with GTP, before addition of mannose- 
6-phosphate. Another inconsistency with permeability result- 
ing from fusion events is that apparently a significant portion 
of the vesicles did not fuse after 120-min incubation (32), 
whereas the degree of latency was already reduced to 10-15% 
after 30 min. Thus, altering the permeability barrier is prob- 
ably a more direct consequence of the primary action of GTP 
on the membrane. 

The possible link between the GTP-induced permeability 
and glycosylation activity of microsomal vesicles is easier to 
envision. When rough microsomes from rat liver are supplied 
with UDP-GicNAc and GDP-Man the reactions leading to 
synthesis of Dol-PP-oligosaccharides and to N-glycosylation 
of proteins are latent, but become active in stripped mem- 
branes after addition of GTP (15-18). From the structure- 
linked latency of mannose-6-phosphatase (Fig. 1) and the 
centrifugation behavior of esterase and nucleoside diphospha- 
tase (Fig. 4) we see that the vesicles remain fairly sealed under 
the various conditions in which the glycosylation activity is 
latent, and that the membrane barrier is markedly altered in 

TABLE V 

Release of Various Membrane Constituents by Triton X-100 and GTP 

N-Acety lg lucosamine-  
phosphotransferase N A D H  cy toch rome c reductase Phosphol ip id  

Cond i t ions  Pellet Supernate Pellet Supernate Pellet Supernate 

(l~U) (U) (mg) 

4°C 140 (152) 1 4.4 (5.3) 0.2 2.2 (2.9) 0.4 
37°C 135 1 4.0 0.3 2.1 0.3 

4 °C  + Tr i ton X-100 60 83 3.2 2.0 1.2 1.6 
370C + GTP 141 1 4.7 0.2 2.7 0.5 

Stripped rough microsomes (0.4 g liver/ml) were incubated for 30 min in medium A (see Materials and Methods) supplemented with 0.25 M sucrose, either at 
37°C with 0.5 mM GTP or without GTP, or at 4°C with 2 mg Triton X-1OO/ml or without Triton X-tO0. The incubated material was centrifuged for 60 min at 
29,000 rpm and various constituents were assayed in the pellets and in the supernates. Values in the total material after incubation at 4°C without Triton X- 
100 are given between brackets. All values refer to I g liver (-~I0 mg protein in rough microsomes). 
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the unique situation in which the dolichol-mediated glycosy- 
lation of protein is active. This correlation suggests that one 
or several enzymes involved in Dol-PP-oligosaecharide syn- 
thesis act at the luminal aspect of the rough microsomes and 
cannot receive the added sugar nucleotide precursors unless 
the membrane barrier be overcome in some way. It is highly 
significant that the GTP-induced permeability and the mem- 
brane disaggregation by Triton X-100 lead partly to the same 
result, allowing to glycosylate a greater amount of endogenous 
dolichylphosphate and to convert DoI-PP-GIcNAc into Dol- 
PP-GIcNAc2. This demonstrates that membrane barriers 
hinder early steps in the assembly of Dol-PP-oligosaccharides. 

Permeation of UDP-GIcNAc into the vesicular lumen could 
be a prerequisite for DoI-PP-GlcNAc to be converted into 
Dol-PP-GlcNAc2, since this reaction clearly depends on an 
alteration of the membrane by GTP or Triton X-100. The 
latency of N-acetylglucosaminephosphotransferase reaction is 
less obvious, for DoI-PP-GIcNAc is partly formed in unaltered 
rough microsomes. This does not completely rule out the 
possibility that the N-acetylglucosaminephosphotransferase 
reaction driving Dol-PP-oligosaccharide synthesis and core 
glycosylation of proteins in GTP-altered membranes occurs 
on the internal side of microsomes and requires UDP-GIcNAc 
within the vesicular lumen. Indeed, the GTP-induced synthe- 
sis of Dol-PP-oligosaccharides does not result in a correspond- 
ingly lower level of Dol-PP-GIcNAc and apparently involves 
a particular pool of unglycosylated dolichylphosphate (15, 
17). This pool might consist of lipid molecules oriented with 
the phosphate group facing the lumen. 

The present status of transmembrane topology in Dol-PP- 
oligosaccharide synthesis has been reviewed recently by Han- 
over and Lennarz (21) and by Snider (37). Various glycoside 
derivatives of dolichylpyrophosphate, in particular DoI-PP- 
GlcNAc2, are oriented with the glycoside group facing the 
lumen (19, 21, 22, 38). Therefore, the question is whether the 
sugars, and more specially N-acetylglucosamine residues, 
cross the membrane as a nucleotide derivative (UDP- 
GIcNAc), as a lipid intermediate (e.g., DoI-PP-GIcNAc2), or 
as part of a glycosylation system which receives the sugar 
residue from UDP-GlcNAc at the cytoplasmic surface and 
transfers it to the (glyco)lipid acceptor at the luminal surface. 
The answer it not clear yet, although the latter mechanism is 
presently favoured (21, 22, 37). The experimental basis of this 
concept is that several enzymes acting in synthesis of Dol-PP- 
oligosaccharides are readily inactivated by proteases in sealed 
microsomes (12, 21, 22, 39), and that attempts to demonstrate 
permeation of sugar nucleotide precursors into microsomal 
vesicles, or a transient cytoplasmic orientation of the chito- 
biosyl group of DoI-PP-GIcNAc2 have failed (22). As discussed 
above, our results better fit a mechanism that requires trans- 
port or permeation of UDP-GIcNAc. 

The stable transmembrane orientation of glycoside groups 
reported for the dolichylpyrophosphate derivatives is ob- 
viously consistent with glycosylation reactions being carried 
out at the luminal surface of the ER. The other data do not 
provide conclusive evidence that, in all the early steps of Dol- 
PP-oligosaccharide synthesis, sugar nucleotide precursors 
react at the cytoplasmic surface of the ER membrane. The 
enzyme converting dolichylphosphate into Dol-PP-GIcNAc 
resists proteolytic enzymes in sealed and in disrupted micro- 
somes (22, 39, and unpublished results from A. M. Ravoet 
and A. Amar-Costesec). In contrast, the enzyme forming Dol- 
PP-GIcNAc2 is inactivated by pronase treatment of intact 
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microsomal vesicles (39). However, an enzyme may lose its 
activity after proteolytic cleavage at a distance from the active 
site, particularly when assayed in the presence of a detergent, 
which was the case (22, 39). Besides, the failure to demonstrate 
penetration of UDP-GIcNAc in systems which build up Dol- 
PP-oligosaccharides (possibly from preformed DoI-PP- 
GlcNAc; see 19, 30) without apparent alteration of the mem- 
branes is not a definite argument either. The steady state 
concentration of the sugar nucleotide precursor within micro- 
somes may be noticeably lower than the concentration in the 

surrounding medium, and undetectable with the procedures 
used by Hanover and Lennarz (22). 

The considerable enhancement by GTP of Dol-PP-oligo- 
saccharide synthesis and of protein glycosylation has revealed 
the latency of these processes in rough microsomes from rat 
liver (17-19). In this respect our results are consistent with 
other studies reporting relatively low levels of sugar incorpo- 
ration in Dol-PP-oligosaccharides and protein by untreated 
rough microsomes from liver (8, 31). In contrast, the hen 
oviduct microsomes that have been extensively studied by 
Lennarz and his co-workers actively assemble oligosaccha- 
rides and transfer them to protein without particular require- 
ments (10, 30, 41). It is our contention that a latency is a 
meaningful fact. The apparent absence of latency in the 
experiments by Lennarz and co-workers (10, 30, 41) might 
be partially due to their use of a much higher concentration 
of UDP-GIcNAc, or to a greater permeability of hen oviduct 
membranes, or to both. The structure-dependent latency of 
enzymes indeed results from two distinct factors, none of 
which is a whole or nothing matter: the kinetics of the enzyme 
reaction and the rate at which the substrate can diffuse across 
the membrane barrier (11). 

Latency of Dol-PP-oligosaccharide synthesis in liver rough 
microsomes and its relief by GTP in stripped membranes 
perhaps have other explanations than the permeability barrier 
of the membrane to sugar nucleotide precursors. The lateral 
or transmembrane freedom of movement of lipid intermedi- 
ates might be greater in membranes modified by GTP. Also 
the concentrations of several enzymes per unit area of mem- 
brane might be so low that few individual vesicles possess the 
whole set of required enzymes. GTP-induced fusion, or solu- 
bilization of membrane constituents by Triton X-100, could 
then activate the pathway. Such assumptions cannot be ruled 
out, particularly because the concentration of Triton X-100 
at which DoI-PP-GlcNAc2 can be formed is twice that re- 
quired for the release of esterase (Fig. 7) and causes extensive 
changes in the biochemical properties of microsomal vesicles 
(see Table V and reference 24) and in their morphology (24). 
Unfortunately, the meaning of the dissociation between the 
release of esterase and the synthesis of Dol-PP-GlcNAc2 is 
blurred by the strong inhibition of N-acetylglucosamine in- 
corporation into dolichylpyrophosphate derivatives which co- 
incides with the leakage of esterase (Figs. 7 and 8). Conse- 
quently, the relatively high concentration of Triton X-100 at 
which DoI-PP-GIcNAc2 is synthesized may merely reflect the 
necessity of being above the concentrations at which this 
inhibition occurs. The GTP-stimulated glycosylation activity 
did never noticeably dissociate from the permeability, which 
was induced without perceptible change in the biochemical 
properties of microsomal membranes (Table V). 

The sensitivity of rough microsomes to low concentrations 
of GTP (Fig. 3 and reference 18) and the high specificity with 
respect to GTP (Table I and references 17 and 32) demon- 



strate that at least one function of the ER membrane depends 
on this nucleotide in the cell. The major pending questions 
are: Which function is it? Is it restricted to the rough ER? 
Through which mechanism does GTP contribute to a func- 
tion of the membrane? Two aspects of the changes induced 
by GTP in cell-free conditions are particularly puzzling: the 
increased permeability reported in this paper, and the condi- 
tion that a least part of the ribosomes must be detached from 
the membrane to make rough microsomes sensitive to GTP. 

It is obviously implausible that luminal constituents of ER 
leak out into the cytoplasm under the action of GTP, and we 
must conclude that membrane permeability induced in vitro 
is without direct meaning in the intact cell. As a consequence, 
we must also question the physiological significance of the 
other changes induced by GTP in stripped rough microsomes. 
This is particularly true for the dependence of core glycosy- 
lation of proteins on this nucleotide if, as envisaged above, 
the enhanced synthesis of Dol-PP-oligosaccharides and pro- 
tein glycosylation merely reflect the free access of sugar nu- 
cleotide precursors into the vesicular lumen and result from 
leakiness of the membrane. 

Another difficulty resides in the observation that in vitro 
GTP is without perceptible effect on the smooth ER-derived 
microsomes (Figs. 5 and 6) and acts on the rough microsomes 
only when a significant part of the attached ribosomes have 
been released from the membrane (Tables II and III and 
references 18 and 32). It is conceivable that GTP be involved 
in a membrane activity that is restricted to the rough portions 
of the ER and functions when ribosomes are not bound to 
the membrane. Such a function has not yet been convincingly 
established. 

Another possibility is that GTP acts when ribosomes are 
bound to the ER and that, through their interaction with 
some constituents of the membrane, ribosomes hinder the 
process that alters the membrane barrier in cell-free systems. 
In these conditions the removal of ribosomes from rough 
microsomes would be just a way of relieving the membrane 
of this control, thus allowing the GTP-dependent system to 
manifest itself by events without direct physiological signifi- 
cance. Our assumption implies that a membrane function in 
protein biosynthesis by bound polysomes depends on GTP. 
It becomes plausible if, as suggested by our results, membrane 
effects of GTP are truly restricted to the rough microsomes. 
The marked increase in membrane permeability induced by 
GTP in vitro could reflect the uncoupling of a translocation 
mechanism, pointing to a function of GTP in vectorial events 
closely associated with the biosynthesis of glycoproteins. 
These prospective suggestions rest on the present experimental 
evidence restricting the effects of GTP to the rough elements 
of ER. However, since the physiological significance of the 
effects reported up to now are still uncertain, this restrictive 
character will have to be reexamined once the authentic 
function of the GTP at the level of the ER membrane in the 
intact cell is known. 
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